DNA helicases are essential motor proteins that function to unwind duplex DNA to yield the transient single-stranded DNA intermediates required for replication, recombination, and repair. These enzymes unwind duplex DNA and translocate along DNA in reactions that are coupled to the binding and hydrolysis of 5'-nucleoside triphosphates (NTP). Although these enzymes are essential for DNA metabolism, the molecular details of their mechanisms are only beginning to emerge. This review discusses mechanistic aspects of helicasecatalyzed DNA unwinding and translocation with a focus on energetic (thermodynamic), kinetic, and structural studies of the few DNA helicases for which such information is available. Recent studies of DNA and NTP binding and DNA unwinding by the Escherichia coli (E. coli) Rep helicase suggest that the Rep helicase dimer unwinds DNA by an active, rolling mechanism. In fact, DNA helicases appear to be generally oligomeric (usually dimers or hexamers), which provides the helicase with multiple DNA binding sites. The apparent mechanistic similarities and differences among these DNA helicases are discussed.
encodes at least six (8) . We estimate that DNA helicase activity has been demonstrated in vitro for more than 60 enzymes since their discovery in 1976 (9) , although this number is increasing rapidly. In addition to functioning in DNA replication, recombination, repair, and conjugation, enzymes with DNA helicase activity are components of eukaryotic transcription complexes and are important in coupling transcription to DNA repair (10, 1 1). Several human diseases, including xeroderma pigmentosum and Cockayne's syndrome, involve defects in proteins involved in nucleotide excision repair that possess helicase activity [for reviews see (10-13)]. A number of enzymes with demonstrated RNA helicase activity have also been identified (14-17), one of which functions in eukaryotic translation initiation (18). Some helicases also unwind RNA-DNA duplexes (19) (20) (21) (22) (23) . Many putative RNA helicases have also been identified (24), although most of these do not possess helicase activity in vitro.
Since DNA helicases are essential enzymes in all aspects of DNA metabolism a detailed understanding of the mechanism(s) by which helicases function at the molecular level is important. We have been selective in this review in order to focus on those helicases for which significant mechanistic information is available, although most studies of helicases are still at an early stage and complete mechanistic details of DNA unwinding and translocation are not yet available for any helicase. The thermodynamic and kinetic considerations of energy transduction and the coupling of NTP binding and hydrolysis to vectorial processes in general have been discussed previously (25) (26) (27) , and these apply to helicases. To catalyze the unwinding of duplex DNA, a helicase must cycle, vectorially, through a series of energetic (conformational) states, driven by the binding and/or hydrolysis of NTP and subsequent release of products (NDP + PO4=) (6, 25, 28) . Therefore, understanding helicasecatalyzed DNA unwinding at the molecular level requires information on the coupling of NTP binding and hydrolysis to DNA unwinding as well as the identification of the intermediate helicase-DNA states that occur during unwinding. Such an understanding requires quantitative studies of the energetics (thermodynamics) and kinetics of helicase binding to DNA and nucleotide cofactors (NTP, NDP, Pi), as well as structural information. Most postulated mechanisms for helicase function require the helicase to possess multiple DNA binding sites, and this requirement appears to be have been satisfied by the fact that the functionally active forms of helicases are oligomeric (6, 29) . Therefore, the energetics and kinetics of assembly of the active helicase also must be understood. Furthermore, all of these interactions (protein assembly, DNA binding, NTP binding, and hydrolysis) are coupled (i.e. one process influences the other), making an examination of their linkage essential. Transient, pre-steady-state kinetic methods are also required to measure the elementary kinetic steps of NTP hydrolysis and DNA unwinding, which will ultimately be needed for an understanding of the mechanism(s) of these molecular motors. These topics are discussed along with the current mechanistic models of how some helicases carry out this important process. Most previous reviews have considered mainly the biological functions, genetics, and biochemical characterizations of DNA helicases (2-5, 7, 30) and RNA helicases (24), although recent reviews have emphasized the mechanistic aspects of DNA helicases (6, 29) .
PROPERTIES OF DNA
We briefly discuss some properties of DNA that are relevant to a mechanistic understanding of helicase function.
Single-Stranded vs Duplex DNA
Due to the chemical nature of its sugar-phosphate backbone, ss DNA has a chemical and structural polarity, designated as either 5'-to-3' or 3'-to-5' with respect to the orientation of the sugar. Duplex DNA, being composed of two complementary antiparallel single strands, does not possess such polarity. Therefore, any helicase property that is sensitive to DNA strand polarity must reflect an interaction of the helicase with ss DNA. Single-stranded DNA is also substantially more flexible than duplex DNA. The flexibility of any linear polymer can be described quantitatively by a statistical quantity referred to as its persistence length, P, (3 1) (stiffer molecules have longer persistence lengths). The average value of P, for B-form duplex DNA is -150 base pairs (bp) at moderate salt concentrations ([NaCI] 2 10 mM or [MgC12] 2 0.5 mM), although P, does increase at lower salt concentrations, reflecting its polyelectrolyte nature (31). Considerably less energy is required to bend ss nucleic acids; estimates of P , for the ss homopolynucleotides poly(U) and poly(A) are -10 and -60 nucleotides, respectively (32).
Natural ss DNA (e.g. phage DNA from $X174, fd, or M13) contains significant, but generally unknown, amounts of duplex DNA owing to the occurrence of intramolecular base pairing. Furthermore, the fraction of nucleotides present as ss DNA is also dependent upon solution conditions (especially salt concentration, temperature, and pH). Thus, the results of experiments that examine the effects of ss DNA on helicase activities (e.g. NTPase) are less ambiguous if ss homopolynucleotides [e.g. poly(dT) or poly(dA)] are used since intramolecular base pairing does not occur under most conditions (at pH 27).
B-form duplex DNA is more stable, relative to ss DNA, by -1 5 -2 kcaVmol bp at 37°C (pH 7); however, this relative stability depends upon solution conditions, especially salt concentration and type (33, 34) . This dependence on salt concentration is due to the fact that DNA is a highly negatively charged HELICASECATALYZED DNA UNWINDING 173 linear polyelectrolyte (polyanion); the B-form duplex has two phosphates every 3.4 8, along its contour length. Single-stranded DNA has one phosphate every 3.4-4. 5 8, along its contour length, depending on pH (35, 36). As a result, cations such as K+, Na+, Mg2+, and Ca2+ and polyamines bind strongly to both duplex and ss DNA, although they generally bind with higher affinity to duplex DNA owing to its higher linear charge density. In the presence of a monovalent salt only (e.g. NaCl or KCI), B-form duplex DNA can be viewed thermodynamically as having 0.88 monovalent cations (M+) associated thermodynamically per phosphate, whereas only -0.7 M+ are thermodynamically associated per ss DNA phosphate. Thus, a net release of cations occurs upon melting duplex DNA (35, 37,38). As a result, the relative duplex stability, as reflected by its melting temperature (T,,,), increases with increasing salt (cation) concentration, with multivalent cations exhibiting a much larger effect than monovalent cations (35, 38). Salt concentration also influences the kinetics of denaturation and renaturation (3941). The extent of cation association per DNA phosphate is also lower for linear oligonucleotides than for polynucleotides (42,43). The electrostatic and thus cation binding properties of sdds DNA junctions are also different than for either ss or ds DNA alone (M), and this difference has the potential to influence binding of a protein to the junction.
Efects of Solution Conditions on the Energetics and Kinetics of Protein-DNA Interactions
Changes in solution conditions (salt concentration and type, pH, temperature, etc) can and generally will influence the energetics (stability) and kinetics, as well as the specificity, of protein-DNA complexes. Due to the polyelectrolyte nature of DNA, these properties are influenced most dramatically by salt concentration (34,4547) as a result of differential cation or anion binding to the complex vs the free protein and DNA. Since the DNA binding sites of most proteins are positively charged, protein binding to DNA generally results in partial neutralization of DNA phosphates with concomitant release of cations from the DNA, although differential ion binding to the protein can also occur (48). In fact, the increase in entropy accompanying cation release from the DNA provides a major favorable contribution to the stability of most protein-DNA complexes (34,45,46,49). As a result of the release of cations from the DNA (and potentially ions from the protein), an increase in salt concentration will generally lower the observed association equilibrium constant (34,45, 46,49) and also influence the kinetic rate constants (45,47) for protein-DNA complex formation. For example, the equilibrium association constant for E. coli SSB tetramer binding to ss nucleic acids decreases by a factor of -100 upon raising the [NaCI] from 0.1 to 0.2 M (50). Thus, meaningful comparisons of helicase activities (DNA binding, unwinding rates, NTPase rates, processivity, etc) must be made under identical solution conditions. These general effects of monovalent cations and Mg2+ need to be considered along with the role of Mg2+ as a cofactor in the hydrolysis of NTP by helicases.
STRUCTURAL FEATURES OF DNA HELICASES
Information about the self-assembly properties and functionally active forms of DNA helicases is not available for most DNA helicases, although investigations of these properties and the influence of DNA and nucleotides are essential for interpreting biochemical and functional studies of these enzymes. Although it is too early to form many general conclusions, the active forms of most helicases appear to be oligomeric (generally dimeric or hexameric) (6) . Atomic resolution structural information is not yet available for any helicase; however, recent electron microscopic studies have provided interesting low resolution structural information for a few hexameric helicases (51-56).
Oligomeric Nature of Helicases
Most proposed mechanisms for helicase-catalyzed DNA unwinding, such as rolling or inchworm mechanisms, require the functional helicase to possess at least two DNA binding sites (6, 29) . These two sites would accommodate intermediates that require simultaneous binding of the helicase to either two ss DNA regions or to both ss and duplex DNA at an unwinding junction (6, 28, 29, 57) . In fact, evidence for ternary complexes of a helicase with both ss and ds DNA exists for both the E. coli Rep (28, [58] [59] [60] and DnaB helicases (61). Even translocation of a helicase along ss DNA by an inchworm or rolling mechanism (28, 62) requires intermediates in which two regions of ss DNA are bound simultaneously to the helicase. Although multiple DNA binding sites can potentially exist within a single polypeptide, all helicases for which the assembly state has been examined in detail form oligomeric structures (6, 29, 57) , generally dimers or hexamers. The immediate consequence of such oligomeric structures is that they provide a simple mechanism for helicases to acquire multiple DNA binding sites. Table 1 lists DNA helicases for which the assembly state has been characterized in some detail, as well as those for which oligomerization has been demonstrated, but the form that is active in DNA unwinding is not yet known. With the apparent exception of the RecBCD enzyme, these helicases form either dimers or hexamers. Of course, under some conditions, these helicases exist as a mixture of oligomeric states. Since the assembly states of the large majority of known helicases have not yet been characterized, it is too early to conclude whether there is a predominant oligomeric form of DNA helicases. For example, even though E. coli Helicase 111, E. coli UvrD (Helicase 11). E. coli RecBCD, F factor TraI (Helicase I), HeLa Helicase, HSV-1 Origin Binding Protein (UL9), and HSV-1 Helicase/primase are known to self-assemble, the active forms of these helicases have not been determined. Furthermore, DNA helicase activity may not be unique to one particular oligomeric form of a DNA helicase (e.g. dimeric and hexameric forms of the same helicase may both be active). Of particular interest in this regard is the fact that the SV40
T antigen also can function as an RNA helicase, although this activity is not stimulated by ATP or dATP, but by a different set of NTPs (GTP, UTP, or CTP) (63). Since NTPs other than ATP or dATP do not favor hexamer formation, the suggestion has been made that SV40 T antigen may not function as a hexamer when unwinding RNA (64).
There is strong evidence that the functionally active forms of a number of DNA helicases are oligomeric; E. coli DnaB (65, 66) , E. coli RuvB (54), phage T7 gene 4 helicase/primase (56,67), phage T4 gene 41 helicase ( 5 9 , SV40 T cross-linked Rep dimer retains both ss DNA-dependent ATPase and DNA helicase activities (28, 57, 59, 60) . Furthermore, since no evidence for a Rep oligomeric state larger than a dimer has been found, even under conditions (e.g. ATP-y-S) that promote hexamer formation for other DNA helicases (I Wong & T Lohman, unpublished results), the Rep homodimer appears to be the active form of the helicase. In this regard, the ss DNA-stimulated ATPase activity of the Rep protein is also enhanced significantly (by a factor of 8-10) upon dimerization (68). The E. coli UvrD protein (Helicase 11) also forms dimers and its ss DNA-stimulated ATPase activity is also enhanced upon dimerization (69). The E. coli Rep and UvrD (Helicase 11) proteins, which share -40% sequence similarity, can also form heterodimers in vitro (68).
Although a RepNvrD heterodimer has no known function, the formation of heterodimers is interesting in light of the fact that a rep/uvrD double mutant is lethal (70), although neither Rep nor UvrD are essential in E. coli. Furthermore, whereas a complete deletion of the uvrD gene is not lethal in E. coli, overproduction of a UvrD mutant (UvrD-K35M) in a wild-type rep background is lethal (7 l) , suggesting that UvrD and Rep can form hetero-oligomers in vivo and that a wild-type Rep/UvrD-K35M hetero-oligomer is inactive (68).
Oligomerization of several helicases is modulated by interactions with other ligands. The most dramatic case is the E. coli Rep helicase which exists as a stable monomer (M,76,400) up to concentrations of at least 12 pM in the absence of DNA (72) (I Wong & T Lohman, unpublished data), indicating a maximum dimerization constant of -lo3 M-*; however, binding of either ss or ds DNA induces Rep to dimerize (57), with dimerization constant L-2x108 M-' (59). Thus the Rep dimerization constant increases by at least a factor of lo5 upon binding DNA (59). The formation of stable hexamers of the phage T4 gene 41 protein (helicaselprimase) is facilitated by the binding of GTP-y-S as well as GTP or ATP (55, 73) . Formation of hexamers of the SV40 T antigen is facilitated by Mg2+ and ATP (51, 74) , whereas tetramers are formed in the absence of ATP (51). Formation of hexamers of the "7 gene 4 protein is also facilitated by Mg2+ and a nonhydrolyzable analogue of dlTP (56, 67) . Dna B hexamer formation is stabilized by Mg2+ (66). These examples suggest that other helicases that appear to be monomeric should be examined to determine whether an oligomeric form is stabilized upon binding DNA, nucleotides, or divalent cations.
Although some researchers (75) have recently claimed to be able to differentiate between helicases that function as monomers as opposed to oligomers, the assembly states of the "monomeric" RNA helicases that are discussed (human RNA helicases p68 and RNA helicase A, vaccinia NPH-II) have not been characterized in sufficient detail to conclude that they function as monomers. In fact, the assembly states of these proteins when bound to nucleic acid have not been characterized.
Structural Features of Hexameric Helicases
Low resolution structural information has been obtained for some hexameric DNA helicases, SV40 large T antigen (51), E. coli RuvB protein (54), phage T4 gene 41 protein (55) and phage T7 gene 4 proteins (56), E. coli DnaB protein (66), and E. coli Rho protein, a hexameric RNA-RNA and RNA-DNA helicase (53). In their hexameric forms, these helicases form very similar toroidal or ring-like structures, with outer diameters ranging from 100 to 130 8, and 20-30 8, holes through the center of the hexamer. This strong similarity is somewhat surprising since the subunit molecular weights range from 37 kDa for RuvB to 92 kDa for SV40 T antigen. Furthermore, evidence shows that when T antigen (51) and RuvB double hexamers (54) are bound to duplex DNA, the DNA can pass through the hole in the hexamer. The T7 gene 4 hexamer can bind to ss DNA with the DNA passing through the center of the hexamer (56). In contrast, ss RNA can bind to Rho by wrapping around the hexamer (53, 62). Such ring-like structures have not been observed for the E. coli Rep or UvrD helicases using these same cryo-EM approaches (X Yu & E Egelman, personal communication), consistent with the conclusion that Rep helicase functions as a dimer rather than a hexamer (28, 57). SV40 LARGE T ANTIGEN Scanning transmission EM (51) and atomic force microscopy (52) have shown that in the presence of ATP, Mg2+, and DNA containing the SV40 origin of replication, the SV40 large T antigen (monomer MF -92,000) assembles into bi-lobed double hexamers, and these hexamers appear to assemble around the DNA (51,52). In the absence of DNA, T antigen forms single hexamers that have low affinity for DNA and do not support DNA replication, although these hexamers still retain helicase activity in vitro (74). However, conditions that favor dissociation of hexamers to monomers (37" C, no ATP) can reactivate the T antigen so that it functions in DNA binding and replication (74). These studies suggest that the pathway for formation of the T antigen double hexamer at the replication origin occurs through assembly of monomers, rather than binding of preformed hexamers, consistent with the proposal that T antigen hexamers encircle the DNA at the origin (74). However, preformed T antigen hexamers retain helicase activity on partial duplex DNA substrates, hence helicase function may not require the hexamer to encircle the DNA (74).
E. coli RuvB PROTEIN The RuvB protein (monomer M,=37,177) functions in recombination to promote branch migration of Holliday junctions in a reaction that is coupled to ATP hydrolysis (76). RuvB, in the presence of RuvA protein, can also unwind short duplex oligodeoxynucleotides annealed to ss DNA, with apparent 5'-to-3' polarity (77). EM studies indicate that RuvB, in reactions requiring ATP binding, can assemble onto covalently closed circular duplex DNA to form double hexameric rings possessing D6 symmetry (54). Averaging of -800 EM images suggests that these double hexamers are in the form of a ring with an outer diameter of -120 8, and a 20-25 A-diameter hole through the center of the ring (54). Binding of RuvB hexamers does not change the contour length of the DNA, suggesting that the DNA passes through the center of the double hexamers (54).
PHAGE T4 GENE 41 PROTEIN Cryogenic EM studies of the phage T4 gene 41 helicase (monomer M,= -53,000), which is involved in phage replication, indicate that this helicase can also form a stable hexamer upon binding the nonhydrolyzable nucleotides, ATP-y-S or GTP-y-S (55). This conclusion is also supported by sedimentation velocity, protein crosslinking, and gel filtration studies. In the absence of nucleotides, the T4 gene 41 protein is in a monomer-dimer equilibrium, with a dimerization constant near lo6 M-I. However, these dimers assemble further to form hexamers upon binding ATP or
GTP.
The EM images indicate a toroidal structure for the T4 gene 41 hexamers with outer diameters of -100 8, and a region of low density in its center, suggesting a hole (55). The hexamers dissociate to dimers upon hydrolysis of ATP or GTP, so further studies will be required to determine whether the hexamer is the functionally active form during DNA unwinding. Another possibility is that dimers and hexamers both possess helicase activity, but the hexamer is required for processive unwinding. PHAGE ~7 GENE 4 PROTEINS Three-dimensional reconstruction of EM images of the phage T7 gene 4 proteins indicates that these proteins can form toroidal hexamers with a diameter of -130 8, and an -25-30 A-diameter central hole (56). Both the short form of the protein (4B', M,=56,000), which possesses only helicase activity (78, 79), and the long form (4A', MF 63,000), which possesses both helicase and primase activity (80), can form hexamers. The hexamer has apparent D6 symmetry, and each subunit possesses two lobes, so the hexamer has the appearance of being two-tiered, with a small ring stacked upon a larger ring. The gross features of this structure are very similar to those of the RuvB hexamer, including the bilobal structure of the subunits (54), but they differ from the D3 symmetry suggested for the Rho (81) and phage T4 gene 41 hexamers (55). The '"7 gene 4 hexamers can assemble on covalently closed circular ss phage MI3 DNA, with the ss DNA passing through the center of the hexamer; binding is polar, with the smaller ring oriented toward the 5' end of the ss DNA (56).
E. coli Rho PROTEIN The Rho protein (monomer M,=46,000), a 5'-to-3' RNA and RNA/DNA helicase (19), also forms hexameric structures with D3 sym-metry (82) . Although hexamer formation does not require nucleotide binding, it is promoted by the binding of ATP andor RNA (82) . Low-resolution structural information has been obtained by cryo-EM (53) and X-ray and neutron scattering (81, 83) , which complements the extensive biochemical and biophysical studies of this protein (84) (85) (86) . These studies have been summarized and a mechanism for Rho translocation along ss RNA has been proposed (62). Equilibrium binding of oligo-and polynucleotides indicates that ss RNA wraps around the hexamer, with -78f6 nucleotides required to occupy all six subunits (87) . Image reconstruction analysis of cryo-EM pictures of the Rho hexamer indicates a ring-like structure with an outer diameter of 125 8, and a separation of 45 8, between the center of mass of each subunit (53). At this resolution, this structure is remarkably similar to those observed for the RuvB (54), "7 gene 4 (56), and T4 gene 41 (55) hexamers; the center of the Rho hexamer even has a similar region of low density. However, models based on X-ray and neutron-scattering studies of Rho hexamers bound to RNA (c70) suggest that the RNA is bound at the periphery of the hexamer (83).
E. coli DnaB PROTEIN The E. coli DnaB helicase also forms hexamers as shown by protein crosslinking (65) and sedimentation studies (66). In the presence of 5 mM MgC12, hexamers are observed at protein concentrations as low as 100 nM hexamers (66). Formation of the DnaB hexamers does not appear to require nucleotide binding, in contrast to RuvB (54), T7 gene 4 (56), T4 gene 41 ( 5 9 , and T antigen (51) . Sedimentation studies indicate that hexamers dissociate to form trimers in the absence of Mg2+; in fact, a net binding of 4 Mg2+ accompanies formation of the DnaB hexamer from two trimers (66). The sedimentation studies of the DnaB hexamer also suggest a ring-like or cyclic structure with each protomer contacting only its two nearest neighbors (66).
Primary Structures
The literature on the use of comparative studies of protein primary structures to identify and classify proteins as putative helicases is extensive (88, 89) [see (90) for a recent review]. Several different sequence patterns are conserved in some helicases, with each sequence pattern defining a family or superfamily. The two largest superfamilies, SF-1 (containing E. coli Rep, UvrD, RecB, RED, TraI, HSV-1 UL5, etc) and SF-2 (containing E. coli RecQ, PriA, UvrB, yeast RAD3, eF-4A, etc), are defined by seven conserved regions of sequence homology, whereas SF-3, which includes SV40 T antigen, is defined by only three conserved regions. A smaller family, F4, defined by five conserved regions, includes E. coli DnaB, T7 gene 4, and T4 gene 41, all of which are hexameric helicases that are associated with or (as in the case of T7 gene 4 proteins) possess primase activity. The E. coli Rho protein, a hexameric RNA and RNA/DNA helicase, falls within a separate family that includes protontranslocating ATPases (90) ; the RuvB protein is also in a separate superfamily
The only regions of sequence similarity that are shared uniformly among all of the helicase families are the "A" and "B" motifs of the "Walker Box" that have been shown to be useful predictors of a nucleoside-5'-triphosphate binding site (91) . Region I (GXGXGK[T/S]) represents the Walker "A-type" consensus sequence that forms the "P-loop" within the NTP binding site, and region II contains an aspartate (D) that interacts with NTP via Mg2+ (92) . These two regions are necessary but not sufficient for a protein to have helicase activity. Region I1 is equivalent to the so-called DEAD-box or DExH-box that has been used as a predictor of putative RNA helicases (24); however, most RNA binding proteins containing a DEAD-box do not possess helicase activity in vitro; thus this region is useful only as a predictor of NTP binding.
Site-directed mutagenesis studies of several helicases indicate that the Walker A and B regions are both important for NTP binding (93) (94) (95) (96) (97) . However, no functions have been identified with any of the remaining "conserved" regions, although site-directed mutagenesis studies have been done with eIF-4A (98), HSV-1 UL5 (99), and HSV-1 UL9 (100). Mutations within each of the six conserved sequences of HSV-1 UL5 and five of the six conserved sequences of HSV-1 UL9 result in loss of function in viral DNA replication, although helicase activity has not been examined. However, not all of these so-called helicase motifs are needed for helicase activity, because region VI can be deleted from the E. coli Rep protein while helicase activity in vitro is retained (101). In interpreting such results, one must also keep in mind that the assembly state of a helicase influences its activity and that an association with another protein may be required for helicase activity, as in the case of eIF-4A which requires eIF-4B (1 8) .
None of the known hexameric helicases are grouped in the SF1 or SF2 superfamilies, so some of the "super families" may therefore reflect differences in the assembly state of the active forms of these helicases. In general, it is still too early to judge the utility of primary structure as a predictor of "putative" helicases, since far more putative helicases have been identified through these computer searches than have been characterized biochemically. Furthermore, since not all proteins that have been identified as putative helicases possess helicase activity in vitro (102), these approaches should be used with caution. (90) .
DNA BINDING
An understanding of helicase mechanisms requires studies of the interactions of helicase with its DNA substrate, specifically the functional energetics and kinetics of binding and the influence of nucleotide cofactors. The following questions are of central importance to developing this understanding. Does the helicase interact with both duplex and ss DNA or only ss DNA? Does the helicase interact with only one or both single strands at a ss/ds DNA junction? Does a helicase recognize a ss/ds DNA junction per se, andor do separate sites allow simultaneous binding to ss and ds DNA? Of course, there will be a set of answers to these questions reflecting the transient formation of multiple intermediates during DNA unwinding and translocation. The relative energetics of these interactions and their allosteric responses to nucleotide cofactors must also be examined in order to determine their functional significance. Kinetic studies are also essential to elucidate the pathway and mechanism of translocation and DNA unwinding. In addressing such questions one must consider the oligomeric nature of the helicase and the fact that DNA and nucleotide binding will influence the energetics of protein assembly and thus the distribution of assembly states (103).
Polarity of Binding to Single-Stranded DNA
The ss DNA binding site of a helicase is expected to be polar and thus bind ss DNA with a unique orientation with respect to the polarity of the sugarphosphate backbone. However, duplex DNA should be capable of binding in either orientation if binding is nonspecific. In fact, direct evidence shows polar binding of ss DNA to the subunits of the E. coli Rep dimer. Two types of Rep recognizes primarily the sugar-phosphate backbone in ss DNA. The hexameric T7 gene 4 protein also binds with polarity to ss DNA while encircling the DNA (56) (see section on Structural Features of DNA Helicases). Although polar binding of ss DNA has only been demonstrated for these two helicases, this finding is likely to be true for all helicases. In fact, how helicases could display a "polarity" or "directionality" of DNA unwinding in vitro without this property is difficult to imagine (see section on DNA Binding).
Stoichiometries and Energetics of Single-Stranded and Double-Stranded DNA Binding
Qualitative studies of nonspecific binding to polymeric DNA have shown that helicases generally bind with higher affinity to ss DNA than to ds DNA (58, Annual Reviews www.annualreviews.org/aronline 105, 106) [for reviews of early studies see (2, 3, 30) ]. Although quantitative estimates of equilibrium binding constants and the energetics of DNA binding are needed to interpret ATPase and DNA unwinding studies, these estimates are complicated by the fact that most helicases are oligomeric and thus possess multiple DNA binding sites. Furthermore, at the protein concentrations generally used in early experiments, these proteins exist as an equilibrium mixture of oligomeric forms, and DNA affinity is influenced by the assembly state of the protein. In addition, multiple helicases can bind to long DNA molecules. Therefore, we restrict our discussion to quantitative studies of DNA binding that have been performed under conditions for which the assembly state of the helicase is defined or in which the linkage of DNA binding to helicase assembly has been accounted for explicitly in the analysis.
E. coli Rep PROTEIN One approach to resolve the energetics of DNA binding from protein oligomerization is to use oligodeoxynucleotides that are short enough that only one protein monomer or subunit can bind to each oligodeoxynucleotide (28, 59, 103). The use of such short DNA molecules is also needed to determine if cooperativity exists among the DNA binding sites of an oligomeric helicase as well as to resolve the energetic contributions resulting from the simultaneous binding of ss DNA and ds DNA to separate subunits of an oligomeric helicase. These latter effects will almost certainly contribute to the energetics of binding of helicases to a replication fork.
The Rep protein undergoes a DNA-induced dimerization, and the dimer appears to be the active form of the helicase (28, 57, 60) . Using a modified nitrocellulose filter-binding method (107), Wong et a1 (59) and Wong & Lohman (28) examined the energetics of DNA binding and dimerization of the Rep protein using oligodeoxynucleotides that are short enough (116 nucleotides or bp) to insure that only one Rep monomer binds to each oligodeoxynucleotide. Figure 1 depicts the five DNA-ligation states that a Rep dimer can form in the presence of both ss and ds oligodeoxynucleotides; each subunit of a Rep dimer can bind either ss DNA (S) or ds DNA (D) to form Rep dimers that are either half saturated (P2S and P2D) or fully saturated (P2S2, P2D2, and P2SD). Seven independent equilibrium constants are required to describe the equilibrium binding of Rep to ss DNA and ds DNA, and these were determined from three sets of equilibrium titrations: One set was performed with ss DNA alone, a second set was performed with ds DNA alone, and a third set of competition experiments was performed with both ss DNA and ds DNA (59,
103).
The equilibrium constant for Rep monomer binding to ss oligodeoxynucleotides, Kls=4.5f1.0 x 1 8 M-I (4" C, 6 mM NaC1, pH 7.3, shows relatively little dependence on base composition or sequence (59). The dependence of the binding constant on the length of a series of (dTh molecules indicates that -13-14 nucleotides are needed for optimal binding (59), which is consistent with an occluded site size of 1652 nucleotides per monomer on ss DNA (57).
Either ss (S) or ds (D) oligodeoxynucleotides can bind to Rep monomers (P) to form PS or PD, with DNA binding inducing Rep monomers (P) to dimerize, with a dimerization equilibrium constant -1-2 x lo8 M-' (59). Except in the presence of ss DNA and a nonhydrolyzable ATP analogue (see below), the equilibrium constant for binding a 16 bp DNA hairpin to the Rep monomer and the second subunit of a Rep dimer is a factor of -100 lower than for (dPl6 (59). These results indicate that all five DNA ligation states of the Rep dimer shown in Figure 1 can form in solution, including the P2SD complex in which ss and ds DNA bind simultaneously to each subunit of the Rep dimer (28,59). An early study concluded that Rep could bind ss and ds polynucleotides simultaneously, but to separate sites (58). However, Rep monomers and individual dimer subunits bind ss and ds DNA competitively under all conditions examined (28,59), suggesting that the same DNA binding site can be occupied by either ss or ds DNA or that binding of one DNA conformation precludes binding of the other. Of particular interest is the observation that there is communication (cooperativity) between the two Rep dimer DNA binding sites. DNA binds with overall negative cooperativity to the Rep dimer since the affinity of DNA for the second subunit is dramatically lower (by 2 -lo4) than for the first subunit (59). However, the affinities for binding either ss DNA or ds DNA to the second subunit of a half-saturated Rep dimer (P2S or P2D) are also influenced by the conformation of DNA (ss vs ds) bound to the first subunit. A most interesting finding is that this cooperativity, and thus the relative stabilities of the P2S2 vs P2SD complexes, is affected by nucleotides (ATP, ADP). Thus, nucleotide binding influences primarily the energetics of DNA binding to the second site of the Rep dimer (28). This latter effect appears to be important (108) have examined the equilibrium binding of the phage T7 gene 4A' helicasdprimase to mixed sequence ss oligodeoxynucleotides 10, 30, and 60 nucleotides long, and to a 20 bp hairpin duplex using nitrocellulose filter binding. Although relatively little binding is observed in the absence of nucleotides, binding is optimal in the presence of Mg2+ and thymidine 5'-(p, y-methylenetriphosphate) (dTMP-PCP), a nonhydrolyzable dTTP analogue, which stabilizes the gene 4A' hexamer. Therefore, DNA appears to bind primarily to the hexameric form of the enzyme, which is believed to be the oligomeric state of the functional helicase, although some evidence for binding to dodecamers was observed (108). Highaffinity binding of one molecule of either ss (dN)lo or ss (dN)30 was observed, although a second molecule of DNA binds with -50-fold lower affinity. A 60-nucleotide ss DNA can bind two hexamers, suggesting that each hexamer interacts with -30 nucleotides of DNA, a finding consistent with nuclease protection studies of gene 4A' protein bound to poly(dT) (108). This length of ss DNA does not seem long enough to wrap around the perimeter of the hexamer and interact with all six subunits simultaneously. Thus the hexamer may interact with ss DNA using only a subset of its subunits at any time. Protein cross-linking and EM studies also suggest that the ring-like T7 gene 4A' hexamer binds long ss DNA by encircling the ss DNA, rather than by wrapping the ss DNA around the hexamer (56). Binding is considerably weaker to a 20 bp duplex hairpin, but simultaneous binding of both ss and ds DNA to hexamers was observed (108). The ability to bind both ss and ds DNA simultaneously may be important during one stage of DNA unwinding by these helicases as suggested for DNA unwinding by the E. coli Rep dimer (28, 59 ).
E. coli DnaB Bujalowski & Jezewska (109) have examined the stoichiometry of DnaB hexamer binding to ss DNA based on equilibrium titrations by monitoring the fluorescence increase associated with DnaB binding to the fluorescent ss homopolydeoxynucleotide, poly(&A). A stoichiometry of 20+3 nucleotides per DnaB hexamer (pH 8.1, 10" C, 1 mM AMPP(NH)P, 5 mM MgC12, 50 mM NaCI, 10% glycerol) is found upon saturation of poly(deA). Consistent with this finding, binding experiments with ss oligodeoxynucleotides that were 20 and 40 nucleotides long showed stoichiometries of one and two hexamers per oligodeoxynucleotide, respectively. Furthermore, photocrosslinking experiments suggest that only one subunit of the hexamer crosslinks strongly to (dT)zo (109). Based on these results, Bujalowski & Jezewska (109) conclude that ss DNA does not wrap around the Dna B hexamer, but rather interacts with one or at most two subunits of the hexamer under these Annual Reviews www.annualreviews.org/aronline conditions. These conclusions are similar to those reached for the phage T7 gene 4A' hexamer (56, 108). However, this stoichiometry is considerably lower than the value of 78k6 nucleotides determined for ss RNA binding to the E. coli Rho hexamer (87) , which is similar in size to the DnaB and T 7 gene 4A' hexamers. Binding of the DnaB hexamer to long ss DNA shows only weak positive cooperativity indicating that hexamers do not form long clusters when bound to ss DNA (109).
E. coli Rho The binding of a series of oligonucleotides to the Rho protein, a hexameric RNA and RNA/DNA helicase, has been investigated using electrophoretic band shift and ultrafiltration binding assays (1 lo). Octanucleotides containing mixed sequences of cytidine and uridine were examined. Each Rho hexamer can bind six molecules of (rC)lo, with three high-affinity and three low-affinity binding sites differing in affinity by approximately tenfold. This is consistent with the conclusion based on neutron scattering (83), RNase A digestion studies (1 1 l), and fluorescence titrations (87) that long ss RNA can wrap around the hexamer, interact with all six subunits, and occlude -7 8 s nucleotides per hexamer. The affinity of a given oligonucleotide depends primarily on its cytosine content, but not the sequence. In contrast the base sequence of these same oligonucleotides has a substantial effect on the ATPase activity of Rho (1 12) . Rho hexamers that bind to long ss RNA do show some ability to form small clusters of hexamers (1 1 1).
Allosteric Effects of Nucleotides on DNA Binding to the Dimeric E. coli Rep Helicase
Processive DNA unwinding by a helicase requires the binding of nucleoside-5'-triphosphate(s) (NTP), their subsequent hydrolysis, and release of products (NDP and inorganic phosphate, Pi). This cycle of binding, hydrolysis, and product release must drive the helicase through energetic states that effect DNA unwinding and helicase translocation (25). This concept is supported by observations of nucleotide-and DNA-dependent changes in the conformational states of DnaB (113), Rho (114), Helicase 11, and Rep (101, 115, 116). However, which step(s) in the NTP cycle is coupled to DNA unwinding is not yet known; in principle, it could be any step.
As discussed below (see section on Nucleotide Binding and NTP Hydrolysis), helicases generally possess one potential ATP binding site per subunit within the oligomeric helicase. Early qualitative studies with Rep (58), DnaB (109, and Helicase I11 (106) indicate that the relative affinities of these helicases for ss and ds DNA are influenced by the type of nucleotide cofactor (ATP or ADP) that is bound to the helicase. DnaB can bind both ss and ds DNA, and its affinity for ss poly(dT) increases upon binding nonhydrolyzable ATP analogues (61). The Rep protein binds to both ss and ds DNA (59, 106), and both the equilibrium affinity (28) and dissociation rate constant for ss DNA are affected differentially by ATP, ADP, and nonhydrolyzable ATP analogues (58). Thus ATP and its hydrolysis products are allosteric effectors of DNA binding in these and likely all helicases. In contrast, effects of nucleotide cofactors (ATP, ADP, AMPPCP) on the binding affinities of oligonucleotides for the Rho hexamer have not been observed (1 10).
E. coli Rep DIMER Wong & Lohman (28) have examined the allosteric effects of nucleotide cofactors on the energetics of DNA binding to the E. coli Rep helicase. Equilibrium binding studies of short ss and ds oligodeoxynucleotides to Rep monomers and dimers were analyzed to determine all seven independent equilibrium constants under three sets of conditions (4" C, pH 7.5, 6 mM NaCl): (a) 5 mM Mg2+, (b) 5 mM Mg2+ plus ADP (2 mM), and (c) 5 mM Mg2+ plus AMPP(NH)P (~y-imidoadenosine-5'-tnphosphate), a nonhydrolyzable ATP analogue. Whereas these nucleotides show no major effect on Rep dimerization or ss or ds DNA binding to Rep monomers, AMPP(NH)P and ADP show a dramatic modulation of the affinity of ss DNA and ds DNA for the second subunit of the half-saturated Rep dimer species, P2S and P2D. The interesting result is that binding of both ADP and AMPP(NH)P influences the ability of a Rep dimer to form the different DNA ligation states depicted in Figure 1 . Binding of ADP stabilizes the P2S2 state, in which ss DNA is bound to both Rep dimer subunits, whereas AMPP(NH)P stabilizes the P S D state in which ss and ds DNA are bound simultaneously, one to each subunit of a Rep dimer. In the presence of excess Mg2+-AMPP(NH)P, the P2SD state is favored over the P2S2 state by AGO = -2.7 kcal mol-', whereas in the presence of excess Mg2+-ADP, the P2SD state is disfavored over the P2S2 state by AGO = + 1.4 kcal mol-' (28). This allosteric effect of nucleotides strongly supports the proposal that a P2SD complex, in which a Rep dimer binds simultaneously to duplex DNA and the 3'4s DNA tail, is an important intermediate in the Rep-catalyzed DNA unwinding cycle and is stabilized by ATP binding (28). These results also suggest a cycling scheme that might be used by Rep dimers to unwind duplex DNA (6, 28, 29) (see section on Mechanisms of DNA Unwinding and Translocation).
to the energetics of these interactions; hence energetically different complexes may appear indistinguishable using footprinting approaches. SV40 LARGE T ANTIGEN The binding of SV40 large T antigen with a synthetic DNA fork (twin-tailed) has been examined by two groups using DNA footprinting techniques; however, the conclusions from these studies are somewhat different. Sen Gupta & Borowiec (117) used P1 nuclease to probe ss DNA regions and DNase I to probe ds DNA regions, whereas Wessel et a1 (1 18) used P1 nuclease to probe ss DNA regions and exonuclease I11 to probe ds DNA regions. In both cases, significant protection of the ss/ds DNA junction was observed in the presence of T antigen and ATP. Sen Gupta & Borowiec (1 17) report that protection was asymmetric in that -10 nucleotides of the 3'-ss DNA tail were protected, whereas the 5'-ss DNA tail was relatively unprotected (1 17). On the other hand, Wessel et al(l18) observed protection of -10 nucleotides on the 3' single strand and -16 nucleotides on the 5' single strand, as well as -24 bp of duplex DNA. Subtle changes in the pattern of P1 nuclease protection of the 3'-ss DNA region were observed as a function of nucleotide cofactor (117). Some protection from DNase I of -4 bp at the junction was observed in the presence of T antigen and ATP or AMPP(NH)P, whereas this region was not protected in the presence of ADP (1 17). This apparent preference for SV40 T antigen binding to the duplex region in the presence of AMPP(NH)P is similar to the preference for simultaneous binding of ss and ds DNA by the E. coli Rep dimer to form a P2SD complex in the presence of AMPP(NH)P (28). Base-specific modification of the ss DNA regions of the synthetic DNA forks showed only minor effects on T antigen binding, whereas ethylation of the phosphate backbone by treatment with ethylnitrosourea inhibits T antigen binding, suggesting recognition of the sugar-phosphate backbone (1 17). Again, this conclusion is similar to that reached for E. coli Rep helicase on the basis of equilibrium studies of Rep binding to ss oligodeoxynucleotides of varying base composition (59). Sen Gupta & Borowiec (117) conclude that T antigen binds the 3'-ss/ds DNA junction asymmetrically primarily by recognizing the sugar-phosphate backbone. They further conclude that T antigen does not encircle the DNA but rather binds to the outside of the DNA, and they suggest a "rolling" mechanism for the hexameric T antigencatalyzed DNA unwinding (1 17). However, Wessel et a1 (1 18) conclude that duplex DNA threads through a T antigen double hexamer, with extrusion of the unwound single-stranded DNA loops.
E. coli RecBCD The E. coli Rec BCD helicase initiates DNA unwinding at the ends of fully duplex DNA (1 19) . The complex of RecBCD enzyme bound to duplex DNA ends in the absence of ATP has been examined (120) using DNase I cleavage of end-labeled DNA. In this complex, 16-17 nucleotides of the 3' terminated strand and 20-21 nucleotides of the 5' terminated strand are protected from DNase I cleavage. In addition, UV-treatment of the RecBCD-DNA complex resulted in crosslinking of the RecB subunit to the 3' terminated strand and the RecC subunit to the 5' terminated strand. These results suggest that the RecBCD enzyme interacts with both strands of the DNA duplex, at least to initiate DNA unwinding. Based on these studies, a DNA unwinding model has been proposed (120) that is a modified version of the active, rolling model proposed for the dimeric Rep helicase (28) (see section on Mechanisms of DNA Unwinding and Translocation).
NUCLEOTIDE BINDING AND NTP HYDROLYSIS
All DNA helicases appear to possess a consensus NTP binding site, as indicated by the presence of the conserved Walker A and B consensus motifs (motifs I and 11) (90). Therefore, homo-oligomeric helicases possess at least one potential NTP binding site per subunit. This appears to be the case for the few helicases for which direct studies of nucleotide binding have been performed; however, nucleotides appear to bind nonequivalently to the oligomer, displaying negative cooperativity or possibly two classes of "high" and "low" affinity sites (1, 84, (121) (122) (123) .
Stoichiometry and Equilibrium Binding
E. coli Rep The active form of the Rep helicase is a homodimer which forms only upon binding DNA (28, 57, 59) , and the steady-state ATPase activity of the dimer bound to ss DNA (P2S) is -8-10-fold higher than the monomer bound to ss DNA (PS), which in turn is -lo3-fold higher than Rep monomer in the absence of DNA (1 15 (58, 115, 116) . Therefore, dimer formation is not required for nucleotide binding. All nucleotides bind to the monomer by a two-step mechanism (1 15, 116), such that binding is followed by a protein conformational change. Independent evidence for nucleotide-induced changes in Rep protein conformation also comes from studies of the influence of nucleotides on the sensitivity and pattern of proteolysis of Rep protein (101). Rep monomer binds ATP tightly in the presence of Mg2+ (KoVeraii=1.3 x IO8 M-' at 4" C, pH 7.5, 6 mM NaCI, 10% (v/v) glycerol, 5 mM MgC12); ATP can also bind in the absence of Mg2+, although with -103-fold lower affinity (-8 x IO4 M-') (1 16). ADP binds competitively with ATP, but with significantly lower affinity Annual Reviews www.annualreviews.org/aronline (Koverall=l.l x lo6 M-' (5 mM Mg2+). The affinity of Rep monomer for ATP-y-S is 2 M.1 x lo7 M-', -5-fold lower than for ATP, whereas the overall binding constant for AMPPNP is only 1.4kO.1 x lo6 M-'. The nucleotide binding constants decrease with both increasing temperature and salt concentration (1 15, 116 ). . This negative cooperativity becomes more pronounced at higher temperatures, making it more difficult to bind nucleotides to the last three sites on the DnaB hexamer. The nucleotide binding sites of the DnaB hexamer have also been characterized using fluorescence approaches (1 25, 126) . PHAGE T7 GENE 4 PROTEINS Binding of d l " and thymidine 5'-(p, y-methylenetriphosphate) (dTMP-PCP) to the phage T7 gene 4A' protein, the helicaseprimase, has been examined using nitrocellulose filter binding (122). Three nucleotides bind per hexamer with high affinity (50 mM Tris-acetate, pH 7.5, 3 mM Mg(CH3C02)2, 50 mM NaCH3C02, 10% glycerol, 23" C). The same stoichiometry was observed in the presence and absence of a 30 nucleotidelong ss DNA. This result is qualitatively consistent with the observation that the DnaB hexamer has three high-affinity sites and three lower-affinity sites for nucleotides (123). Any lower-affinity nucleotide binding sites on the "7 gene 4A' hexamer may not be detectable by a nitrocellulose filter-binding assay, and thus one cannot rule out the presence and possible importance of such lower-affinity sites.
E. coli
E. coli Rho The binding of nucleotides to the hexameric Rho helicase has been examined in the absence of its RNA cofactor (84, 121) . Geiselmann & von Hippel (84) showed that the Rho hexamer binds a maximum of six nucleotides. However, the six sites are not equivalent: Three sites possess high affinity (K= -3 x lo6 M-I) and three sites possess 30-fold lower affinity (0.1 M KCI, 10 mM MgC12, pH 7.8, unspecified temperature). The two classes of ATP binding sites may reflect the same negative cooperativity observed for nucleotide binding to the E. coli DnaB hexamer (123). Rho monomers and dimers can also bind ATP, the monomeric form having a relatively higher affinity for nucleotide (84) ; thus each Rho protomer contains an ATP binding site. The high-affinity site on a Rho hexamer binds ATP with -100-fold higher affinity than either ADP or AMPPNP (121). These affinities are similar to the relative affinities measured for the Rep monomer (58, 115, 116 (2, 3) . Although such steady-state experiments yield information on the order of binding and can provide constraints on the elementary rate constants, they provide little direct mechanistic information. Furthermore, most studies of NTP hydrolysis have been performed under conditions in which the assembly state@) of the helicase is unknown or exists as a mixture of oligomeric states. Since the helicase assembly state influences the kinetics of ATP binding and hydrolysis it is essential to know the distribution of assembly states under the conditions of the experiment. For example, in the presence of excess ss oligodeoxynucleotide, (dT)8, the steady-state ATP hydrolysis of Rep monomer (PS) increases -8-fold (68) upon dimerization. Similarly, dimerization of E. coli Helicase I1 (UvrD) protein increases its steady-state DNA-stimulated ATPase by -2.5-4-fold, depending on the DNA cofactor and solution conditions (68, 69). At 4" C (pH 7.5, 10% (v/v) glycerol, 6 mM NaCl, 5 mM MgCI2), the free Rep monomer (P) has a kca,=0.002 s-l; the Rep monomer bound to (d'Q6 (PS) has kc,=2M.5 s-l; and the Rep dimer with one subunit bound to ( d v l 6 (P2S) has kca,=18f2 s-l (1). 
Mechanism of ATP Binding and Hydrolysis by E. coli Rep Monomer
Pre-steady-state kinetic studies are essential for a determination of the mechanism of NTP hydrolysis (127). However, studies of the detailed kinetic mechanism@) of NTP binding and hydrolysis by DNA helicases are in their early stages. Extensive pre-steady-state kinetic studies of nucleotide binding and ATP hydrolysis have been performed with the E. coli Rep monomer. Although the Rep monomer is not the active form of the helicase, pre-steady-state studies of the monomer were performed as a necessary prelude to studies of the active Rep dimers, and they provide fundamental information about the basic steps in nucleotide binding to a helicase. (1 15); binding of the nonfluorescent parent nucleotides was studied by competition methods (116). A minimal mechanism for the DNA-independent binding and hydrolysis of ATP by the Rep monomer is shown in the Scheme below (4" C, pH 7.5, 10% (vh) glycerol, 6 mM NaCl, 5 mM MgC1.L). Binding of ATP (T) to the Rep monomer (P) occurs by a two-step process (binding plus isomerization), followed by slow hydrolysis at 0.002 s-l (kcat), followed by a two-step mechanism for ADP (D) dissociation. The only information missing from this scheme is the rate constant for phosphate release from the Rep-ADP-Pi complex. However, the absence of a burst of ADP formation in multiple turnover (steady-state) experiments indicates that Pi release occurs with a rate constant > 0.002 s-l. Under these conditions, ATP binding to the Rep monomer is tighter than ADP, primarily as a result of differences in the dissociation rate constants. Similar rate and equilibrium constants are obtained with ATP@, whereas AMPPNP binding is 15-fold slower and equilibrium binding is -100-fold weaker (1 15, 116). Although the Rep monomer does bind mantATP in the absence of Mg2+ (Koverall -5 x 105 M-I), all four rate constants (steps 1 and 2 in the above scheme) increase substantially. For example, the bimolecular rate constant (step 1) 
Mutations Within the Nucleotide Binding Site
An examination of the cooperativity among the multiple NTP sites within an oligomeric helicase is required to understand the coupling of NTP binding and hydrolysis to DNA unwinding. Several studies of helicases containing site-directed mutations within the nucleotide binding site have been performed (93, 94, 96, 97). These mutant helicases generally display dramatic decreases in the steady-state rate of NTP hydrolysis as well as in helicase activity. Mixing experiments with wild-type enzyme provide further evidence for the functional importance of the oligomeric nature of helicases because mixed oligomeric species possess decreased NTPase and helicase activity (97).
PHENOMENOLOGICAL FEATURES OF DNA UNWINDING AND TRANSLOCATION
Before considering molecular mechanisms of helicase-catalyzed DNA unwinding and helicase translocation, we first consider the macroscopic or phenomenological features of these processes. These features include the types of nucleic acid substrates required for initiation of unwinding in vitro, the "polarity" of the unwinding reaction, and the rates, processivities, and efficiencies of NTP hydrolysis during translocation and DNA unwinding. Such information may provide constraints on possible mechanisms; however, inferences about mechanisms from such information can be misleading.
Initiation of DNA Unwinding in Vitro
Most DNA helicases show definite preferences for unwinding particular types of DNA substrates in vitro. Some helicases, such as the SV40 large T antigen (128) can initiate DNA unwinding by binding to fully duplex DNA containing the SV40 origin of replication and "melting" the duplex to generate the single strands. Others, such as E. coli RecBCD (119), E. coli UvrD (Helicase 11) (129-131), and E. coli RecQ (132), can initiate DNA unwinding at the ends of fully duplex DNA; in fact, initiation of DNA unwinding by RecBCD is inhibited if the DNA duplex has ss DNA flanking regions that are unequal in length (1 19). E. coli UvrD (Helicase 11) can also initiate DNA unwinding at a nick (129, 130, 133) , which is the biologically important site for initiation HELICASE-CATALYZED DNA UNWINDING 193 of unwinding in its roles in methyl-directed mismatch repair (134, 135) and excision repair (10). However, initiation of DNA unwinding in vitro by most DNA helicases requires or is strongly stimulated by a ss DNA covalently attached to the duplex DNA. These flanking ss DNA regions provide high-affinity sites for binding and possibly promote further assembly of the helicase to form an oligomeric initiation complex. Such helicases likely either initiate unwinding in vivo at preformed ss/ds DNA junctions or require accessory proteins to promote initiation of unwinding on blunt-ended, nicked, or fully duplex DNA.
"Polarity" of Duplex DNA Unwinding and the Role of Flanking Single-Stranded DNA Most DNA helicases display a preference for unwinding duplex DNA containing a ss DNA region flanking the duplex. Some helicases require ss DNA attached to a 3' end of the duplex (a 3'-to-5' helicase), whereas others require ss DNA attached to a 5' end of the duplex (a 5'-to-3' helicase). Determination of this preference has generally been made using a partially duplex DNA substrate consisting of a linear ss DNA with complementary oligodeoxynucleotides annealed to each end as shown in Figure 2 (136-138) . The "polarity" of unwinding is operationally defined by the backbone polarity of the flanking ss DNA that facilitates initiation of DNA unwinding in vitro. For example, if a helicase preferentially unwinds duplex A in Figure 2 , it unwinds with 5'-to-3' polarity (a 5'-to-3' helicase), with respect to the polarity of the internal region of ss DNA to which it presumably binds. If duplex B is unwound preferentially, it is a 3'-to-5' helicase. Such studies indicate that the polarity of the ss DNA backbone flanking the duplex is an important determinant for initiation of unwinding, and the polarity can differ for different helicases. The polarity of unwinding is undefined for helicases that initiate unwinding only on bluntended duplex DNA or "forked" duplex DNA.
A helicase that displays a polarity in DNA unwinding is also often assumed to translocate uni-directionally along ss DNA with that same polarity. However, experimental tests of DNA unwinding polarity do not provide information about unidirectional translocation along ss DNA. In fact, polarity in a DNA unwinding reaction may not reflect uni-directional translocation of the helicase A B Figure 2 Schematic of a DNA substrate used to investigate the macroscopic "polarity" of DNA unwinding by a helicase.
along ss DNA, but rather a requirement for a particular orientation of the flanking ss DNA with respect to the ss/ds DNA junction that enables the helicase to form a proper initiation complex. Convincing evidence that any helicase translocates uni-directionally along ss DNA is still lacking.
To initiate DNA unwinding in vitro, the E. coli DnaB protein (139), phage T4 gene 41 protein ( l a ) , and phage T7 gene 4 proteins (138), all of which are 5'-to-3' hexameric helicases, appear to require a forked DNA substrate, i.e. a duplex possessing noncomplementary ss DNA tails attached to both the 3' and 5' ends of each complementary DNA strand. This requirement may reflect a need for these helicases to interact with the ss DNA regions of both complementary strands during DNA unwinding, although the possibility that the 3'-ss DNA tail functions to facilitate binding, rather than being directly involved in unwinding, has not been tested. These three helicases all function in DNA replication and also associate with their respective primase. In the case of the T7 gene 4 protein, the long (63 kDa) form of the protein (4A) possesses both helicase and primase activities (141). It is interesting that DNA unwinding by the SV40 T antigen, a hexameric helicase with opposite polarity (3' to 5'), does not appear to require a 5'-ss DNA tail (142), although whether a 5'-ss DNA tail stimulates helicase activity is not known. Although these helicases have been denoted 5'-to-3' helicases, a polarity of unwinding cannot be determined unambiguously for such helicases that require both a 3'-and a 5'-ss DNA flanking region to initiate unwinding. Efforts have been made to determine which DNA conformations (ss vs ds) and which strands are contacted by a helicase at an unwinding fork using synthetic DNA substrates to determine the influence of 3'-and 5'-ss DNA tail lengths on DNA unwinding. Although these methods do not address the questions directly, they can be used to determine what characteristics of the DNA substrate are important for formation of complexes that are productive in DNA unwinding. However, the results of such experiments can be ambigu- can be used to separate the DNA binding step from DNA unwinding and thus address these questions directly. Such experiments, in which rapid quench-flow and stopped-flow techniques were used, have provided information about the DNA substrate requirements for initiation of DNA unwinding by the E. coli Rep helicase (60, 143). In these experiments, the helicase is pre-incubated with the DNA substrate and unwinding is initiated by addition of ATP. The interpretation of such studies can be further simplified by including a protein "trap" Annual Reviews www.annualreviews.org/aronline A 5' , B Figure 3 ( A ) Schematic representation of "blocked" DNA substrates used to test a "passive" mechanism for helicase-catalyzed DNA unwinding. A 3'-to-5' helicase (triangle) that unwinds by a "passive" mechanism cannot unwind the duplex owing to the presence of a "block in the ss DNA flanking the duplex (rectangle) that can be either a segment of non-DNA or a segment of ss DNA with reversed (5' to 3') polarity. (E) In an active rolling mechanism for DNA unwinding, a dimeric Rep helicase (triangular protomers assumed to be related by Cz symmetry) is postulated to form a PzSD complex in which a Rep dimer is bound simultaneously to the 3'-ss DNA and the ds DNA (28) such that a segment of the 3'4s DNA containing a "block" can be looped out and thus bypassed (reproduced from 60).
(e.g. excess ss DNA or heparin) along with the ATP, which serves to prevent re-initiation by the helicase (143). Such studies with Rep indicate that a 3'4s DNA flanking region is required for unwinding, whereas a 5'4s DNA flanking region is neither needed for nor stimulates unwinding of a 24-bp duplex (60). The same results are observed for UvrD-catalyzed DNA unwinding (J Ali & T Lohman, unpublished observations).
Experiments with the E. coli Rep helicase (a 3'-to-5' helicase) indicate that
Rep does not unwind duplex DNA by translocating continuously along the 3' flanking-ss DNA until the duplex is encountered, but that a ss DNA region can facilitate unwinding even when removed some distance from the duplex DNA (60). To examine this possibility, a series of novel DNA substrates were synthesized that possessed a 3' flanking-ss DNA within which was embedded either a segment of ss DNA with reversed backbone polarity (e.g. 5' to 3') or a segment of non-DNA (poly-ethylene glycol) (60), as depicted in Figure 3A .
Single turnover rapid quench-flow experiments show that these "reverse polarity" substrates are unwound by both the E. coli Rep helicase (60) . Such a complex could circumvent the polyethylene glycol or the reverse polarity DNA by "looping out" these regions as depicted in Figure 3B .
Further support for this conclusion comes from the finding that the E. coli Rep helicase can unwind short regions of duplex DNA (1 8 bp) possessing only a 5'-ss DNA flanking region, which indicates that unidirectional translocation along ss DNA is not required for unwinding by this helicase (60). Therefore, the observation of polarity in a helicase-catalyzed DNA unwinding reaction does not indicate that the helicase translocates uni-directionally along ss DNA alone.
Translocation Along Single-Stranded DNA
The molecular details of translocation of a DNA helicase along ss DNA and its coupling to NTP binding and hydrolysis are not known for any helicase. Even the phenomenological aspects of this reaction have not been characterized for most helicases owing mainly to the absence of direct assays to monitor translocation. As discussed above, although helicase translocation along ss DNA has often been assumed to be uni-directional, this has not yet been demonstrated unambiguously for any helicase. However, this assumption has biased many postulated mechanisms of helicase-catalyzed DNA unwinding.
Lee & Marians (144) have characterized indirectly the translocation along ss DNA of the E. coli PriA protein, a 3'-to-5' helicase involved in primasome assembly. ATP-dependent assembly of PriA onto SSB protein-coated gX174 ss DNA occurs only at a specific primasome assembly site (PAS) (144). Therefore, the average net rate of translocation was determined by monitoring the time required for PriA to displace an oligodeoxynucleotide (24 bp) annealed at a known distance from the PAS initiation site. The net rate of PriA translocation along ss DNA increases hyperbolically with [ATP] reaching a plateau above 1 mM ATP at a net rate of -90 nucleotides s-l [30° C, pH 8.0, 5 mh4 Mg(CH3C02)2] (144). Furthermore, the amount of ATP required increases as the length of the duplex region to be unwound increases (144).
The effects of ss DNA length on the steady-state kinetics of NTP hydrolysis by a helicase have been examined in attempts to study translocation of DNA helicases (73, 138, (145) (146) (147) (148) ). This approach is based on the idea that if helicase translocation is driven by NTP hydrolysis, then the steady-state kinetic paAnnual Reviews www.annualreviews.org/aronline Annu. Rev. Biochem. 1996.65:169-214 rameters for NTP hydrolysis should be influenced by the length of the ss DNA effector if the ss DNA is shorter than the average distance over which the helicase translocates before dissociation. Young et a1 (147) show that, in principle, the quantitative dependencies on ss DNA length of V,, and K,, (the DNA concentration required to reach half-maximal velocity) can be sensitive to whether a helicase translocates uni-directionally or bi-directionally. However, such steady-state approaches are complicated by the linkage between DNA binding and helicase assembly, by preferential binding of helicases to the ends of the DNA, and by the influence of intramolecular base pairing within natural ss DNA.
This approach has been used (73) to show that the GTPase activity of the phage T4 gene 41 protein increases with the average length of ss DNA. In a slightly different experiment, stimulation of the TTPase activity of the T7 gene 4 proteins was shown to occur at a -20-fold lower concentration when circular M13 ss DNA is used as the effector rather than linear M13 ss DNA (138). Similar results have been reported for E. coli Helicase I1 (145) and were interpreted as an indication that translocation along the ss DNA is coupled to NTP hydrolysis. The most dramatic difference in the ATPase activity of a helicase on linear vs circular ss DNA was observed with E. coli Helicase I (146). These results suggest that Helicase I translocates along ss DNA with high processivity, but dissociates slowly from the end of a linear ss DNA or reassociates slowly to ss DNA (146).
Young et al(148) examined the steady-state GTPase activity of T4 gene 41 protein as a function of the length of a series of ss oligo(dT) lattices and on polymeric poly(dT) bound with varying amounts of T4 gene 32 protein, a cooperative SSB protein. The latter approach takes advantage of the fact that at sub-saturating amounts of T4 gene 32 protein, with respect to poly(dT) lattice, cooperative clusters of T4 gene 32 protein will form an equilibrium distribution of ss DNA gaps that may mimic ss DNA molecules of differing lengths. The average length distribution of these ss DNA gaps can be calculated based on the known equilibrium binding properties of the T4 gene 32 protein for poly(dT) (149-152). These results demonstrate that the T4 gene 41 protein translocates along ss DNA; however, an unambiguous demonstration of unidirectional translocation is still lacking.
Several studies suggest that when a helicase is prevented from translocating along ss DNA, NTP hydrolysis is inhibited (153-155). Upon encountering a benzo[a]pyrene-DNA adduct, the phage T7 gene 4 helicase is apparently sequestered by the adduct, blocking further translocation and strongly inhibiting its dTTPase activity (153). The ATPase activity of the S. cerevisiue RAD3 helicase is also inhibited upon encountering UV damage (155). Similarly, the phage T4 Dda helicase is blocked and sequestered, with a concomitant reduction in ATPase activity, upon encountering a yeast GALA protein-DNA comAnnual Reviews www.annualreviews.org/aronline plex (154). These results have led to the suggestion that translocation, or at least transient dissociation of DNA from one site or subunit on the helicase, is linked to multiple NTF' turnover. However, the molecular interpretation of these results is complicated by the fact that helicases possess multiple DNA and ATP binding sites.
Rates and Processivities of DNA Unwinding
The macroscopic rate and processivity are important characteristics of helicase-catalyzed DNA unwinding. Although these characteristics provide few mechanistic details, a processive helicase must clearly remain bound to the DNA during the time required for translocation. Processivity is a measure of the number of bp unwound before the helicase dissociates from the DNA. A DNA helicase involved in DNA replication is expected to have high processivity, whereas a helicase involved in repair of short patches of DNA may not require high processivity. However, as discussed above, the rates and processivities of helicase-catalyzed DNA unwinding measured in vitro are sensitive to solution conditions (salt type and concentration, pH, temperature, etc) and thus meaningful comparisons can only be made under identical solution conditions. These kinetic properties can also be influenced through interactions with accessory proteins.
Quantitative measurements of the macroscopic rates of DNA unwinding on long duplex DNA have been reported for only a few helicases and are dependent upon solution conditions, especially the salt concentration. Some DNA helicases can unwind duplex DNA at rates approaching 500-1000 bp s-l, which are comparable to replication rates in prokaryotes (139, (156) (157) (158) . The most detailed studies of DNA unwinding rates have been performed with the RecBCD helicase (156, 158) . Under optimal salt concentrations (0.1 M NaCI), RecBCD can unwind duplex DNA at rates of 470-180 bp s-l at 25" C; this rate increases to -900 bp s-l at 37" C. These rates decrease both above and below 0.1 M NaCl (158). The rate of DNA unwinding by E. coli DnaB in vitro is -3040 bp s-l (30" C, pH 7.6, 11 mM Mg(CH3C02)2) (139) and -60 bp s-l in the presence of DNA gyrase [37" C, pH 7.6, 30% glycerol, 6 mM CaC12, 10 mM Mg(CH,CO,),] (157); however, this increases substantially to -700 bp s-l in the presence of DNA polymerase I11 (30" C, pH 8, 10 mM Mg (CH3COz)2) (159). The rate of unwinding of short duplex DNA (18 or 24 bp) by E. coli Rep in vitro is 2333 bp s-' (25" C) and 8f2 bp s-l (15" C) (pH 7.5, 6 mM NaCI, 1.7 mM MgCl,, 10% glycerol, 1.5 mM ATP) (143).
The processivity of DNA unwinding is related to the probability that the helicase will translocate to and unwind the next bp (or n bps if the helicase unwinds multiple bp per catalytic event; i.e. with a "step size" of n bp) relative to the probability that the helicase will dissociate from the DNA. Processivity can be described quantitatively in either of two related ways. Processivity can be measured as the average number of bp, N, unwound per helicase binding event, or as the probability, P, that the helicase will unwind the next bp (or n bp) rather than dissociate from the DNA; P has limits of 0 I P I 1 (160, 161) . A distributive helicase ( P a or N=n) unwinds only n bp per binding event, whereas a hypothetical helicase with P=l would never dissociate and thus would be capable of unwinding an infinitely long duplex. For a helicase that unwinds with a step size of n bp, the processivity, P, can be written in terms of k,,, the macroscopic rate constant (bp s-') for unwinding n bp, and kd (s-l), the macroscopic rate constant for helicase dissociation from the DNA, and is related to N as in equation (1), such that kJk, =(N-n).
If only 1 bp is unwound in each step (i.e. n =1 bp), equation (1) simpli-
1.
fies to equation (2):
2.
The only quantitative study of DNA unwinding processivity has been camed out for E. coli RecBCD (162). DNA unwinding was examined in the presence of excess E. coli SSB protein, by monitoring the quenching of the SSB tryptophan fluorescence upon its binding to the ss DNA formed during unwinding. The effects of temperature, NaCl, Mg2+, Ca2+, and ATP concentrations were examined. Although the quantitative effects of solution conditions on RecBCD processivity will likely differ from those found for other helicases, the qualitative effects on processivity are likely to be general. The RecBCD helicase has a highly processive DNA unwinding reaction. At 25" C (pH 7.5, 1 mM Mg2+, 30 mM NaC1, 1 mM ATP), RecBCD unwinds an average of N=3of3 kilobase pairs (kbp) before dissociating, corresponding to P= 0.99997 (assuming an unwinding step size of n=l). Above 100 mM NaCI, processivity decreases with increasing [NaCl], such that N=15 kbp (P=0.99993) at 0.275 M NaCl (25" C). As the [Mg2+] is raised from 1 to 10 mM, N also decreases from -30 kbp to -18 kbp (162). The decrease in processivity with increasing salt concentration results, at least in part, from an increase in the protein-DNA dissociation rate constant, kd, since increased salt concentration increases kd generally for protein-nucleic acid interactions (47). The processivity of RecBCD unwinding is also influenced by [ATP] , with N decreasing hyperbolically for [ATP] below 0.2 mM; N is half maximum at 4 1 B pM ATP (162).
Whether these effects reflect changes in the rate constants for DNA unwinding, helicase translocation, or dissociation from the DNA is not known.
The E. coli DnaB helicase (139, 157, 159) and Helicase I (E. coli F factor TraI) also unwind DNA with relatively high processivities, although these have Annual Reviews www.annualreviews.org/aronline not been examined quantitatively (146, 163, 164) . E. coli Helicase I1 (165) and the phage T4 Dda helicase (164, 165) appear to unwind DNA with considerably lower processivities in vitro. The E. coli Rep helicase is an example of a helicase whose processivity seems to be influenced by interactions with other proteins. The Rep protein, in the presence of the phage 4x174 gene A protein or the phage f l gene II protein, can unwind duplex DNA as long as 7000 bp and thus must possess high processivity (136, 166) . However, in the absence of either of these accessory proteins, the Rep's DNA unwinding processivity is significantly lower (167, 168) . In fact, the 4x174 gene A protein, which introduces a nick into the plus strand of the 4x174 duplex RF DNA and remains covalently attached to the 5' end of the nick (166), appears to interact directly with the Rep protein (169).
Thermodynamic Efficiency of DNA Unwinding
Any biological process that is vectorial or directional in nature must be coupled to a net expenditure of energy. For helicase-catalyzed DNA unwinding, this coupling occurs in the form of NTP binding and hydrolysis; nonhydrolyzable NTP analogues (e.g. AMPPNP), although capable of binding to the helicase, do not support continuous DNA unwinding, but partial unwinding of only a few bp that is coupled only to NTP binding has not been ruled out. A fundamental characteristic of such processes is their thermodynamic efficiency, which for helicase-catalyzed DNA unwinding is defined as the net free energy change needed to unwind one bp, and it can be related to the average number of ATP molecules hydrolyzed per bp unwound. The general aspects of free energy transduction in vectorial biological processes have been discussed (26, 27, 170, 171) and Hill & Tsuchiya (25) provide a useful discussion of vectorial coupling of NTP hydrolysis to DNA unwinding and helicase translocation.
For helicase-catalyzed DNA unwinding, two cases need to be considered. The first is a processive helicase functioning in the absence of a helix-destabilizing protein (HDP). The second is a helicase that functions in the presence of a HDP (or excess helicase) such that the resulting single strands become bound with protein. In the absence of a HDP, the free energy change associated with ATP hydrolysis (AGAp <O) provides the sole thermodynamic force for unwinding and translocation. That is, after the helicase undergoes a full cycle of unwinding, the only net change in the energetics of the system is that r ATP molecules have been hydrolyzed and N bp have been separated. If AGbp is the free energy change associated with melting one bp (AGbp>O), then the thermodynamic constraint for the net unwinding of N bp is: T(-AGATp) > NAGb,.
Under conditions relevant to E. coli (pH 7, 3 mM Since the average AGbp for B-form DNA is -1-1.5 kcal mol-' bp (33), then Annual Reviews www.annualreviews.org/aronline Annu. Rev. Biochem. 1996.65:169-214 hydrolysis of one ATP could "fuel" the unwinding of up to -9-12 bp if coupling is 100% efficient; this efficiency will be reduced if "slippage" occurs [i.e. ATP hydrolysis that is uncoupled to DNA unwinding (25, 27) ]. However, in the presence of a HDP (or nonspecific binding of another helicase molecule), an additional favorable free energy change associated with the binding of x proteins to the ss DNA will be contributed, and the thermodynamic constraint becomes: X(-AGHDp) + T(-AGATp) > N(AGbp), where AGHDP is the free energy change per mole of HDP bound to the ss DNA. As emphasized above, these AGi are dependent upon solution conditions and concentrations.
Only a few estimates of the efficiency of DNA unwinding have been reported. For the E. coli Rep helicase in complex with the phage 4x174 gene A protein and in the presence of the E. coli single stranded DNA binding (SSB) protein, an HDP (173), the thermodynamic efficiency was estimated to be 1-2.6 ATP hydrolyzed per bp unwound (136, 174, 175) . Similar estimates of 2-3 ATP bp-' (176) and have been made for E. coli RecBCD, also in the presence of excess E. coli SSB protein. The efficiency of ATP hydrolysis has been estimated to be 1.3-1.5 ATP bp-I for RecBC enzyme (without the RecD subunit) and 1.1-1.2 ATP bp-' for RecBCD-K177Q, which contains a mutation in the putative ATP binding site of the RecD subunit (95) . These values differ considerably from the maximum theoretical efficiencies of -0.083-0.11 ATP per bp discussed above. Although a molecular interpretation is not possible at this time, these results suggest that substantial uncoupled ATP hydrolysis accompanies DNA unwinding by these enzymes under these conditions in vitro.
MECHANISMS OF DNA UNWINDING AND TRANSLOCATION
Although all DNA helicases do not appear to unwind DNA by precisely the same mechanism, certain features of DNA unwinding and translocation are likely to be common to all helicases. One major similarity is that the functionally active forms of the DNA helicases appear generally to be oligomeric, with each subunit possessing a potential DNA binding site. In fact, the proposal has been made that DNA helicases are likely to function as oligomeric enzymes (6, 29, 57) since most molecular mechanisms of DNA unwinding and translocation that have been proposed require the active helicase to possess at least two DNA binding sites (6, 29) .
Only two molecular mechanisms for helicase-catalyzed duplex nucleic acid unwinding and/or protein translocation have been proposed at this time: one for E. coli Rep, a dimeric DNA helicase (28), and the other for E. coli Rho, a hexameric RNAIDNA helicase (62). Much of the mechanistic information on helicase-catalyzed DNA unwinding has been obtained from studies of the dimeric Rep helicase, and Wong & Lohman (28) have proposed a detailed mechanism for how this helicase may function. Although low-resolution structural information is available for some of the hexameric helicases, the kinetic and thermodynamic studies needed to derive mechanistic information is only beginning to emerge. However, at least some of these hexamers appear to be formed as trimers of dimers, thus the information obtained from studies of the functional Rep dimer may also facilitate mechanistic studies of the hexamers. The other helicase for which equilibrium and kinetic information has been used to draw mechanistic inferences is the E. coli Rho RNA helicase and Geiselmann et a1 (62) have proposed a mechanism for translocation of this hexameric helicase along ss RNA. However, since the function of Rho is very different from that of the hexameric DNA helicases involved in DNA metabolism, it is too early to judge the generality of the conclusions reached with Rho.
Active vs Passive Mechanisms of DNA Unwinding
In general, mechanisms of helicase-catalyzed DNA unwinding can be classified as either "active" or "passive." In an active mechanism, the helicase plays a direct role in destabilizing the duplex DNA. However, a helicase that functions by a passive mechanism would facilitate unwinding indirectly by binding to the ss DNA that becomes available through transient fraying of the duplex caused by thermal fluctuations at the ss /ds-DNA junction. In a passive mechanism, as depicted in Figure 4 , ss DNA that is formed transiently at the ss/ds DNA junction is trapped by the translocating helicase; net unwinding would be coupled to translocation with a step size of one or at most a few bp. A passive mechanism would require the helicase to interact only with ss DNA I I1 I11 Annual Reviews www.annualreviews.org/aronline using a single site, but would require the helicase to translocate unidirectionally along ss DNA towards the duplex. However, a helicase with multiple DNA binding sites used for translocation along ss DNA could still unwind DNA using a passive mechanism. Direct evidence does not support a passive mechanism, although direct evidence does indicate that both the E. coli Rep (60) and the E. coli UvrD (Helicase 11) helicases (J Ali & T Lohman, unpublished observations) do not unwind DNA by passive mechanisms (see below). An active unwinding mechanism requires the functional helicase to possess at least two DNA binding sites, and in principle it can be of two types. In one type, the helicase would interact directly with the ds DNA at the junction (at least transiently) and actively destabilize some number of bp, presumably through conformational changes in the helicase that are triggered by NTP binding, hydrolysis, or product release. This type of active mechanism requires the helicase to bind to both ss and ds DNA and to both simultaneously during at least one intermediate stage. Sub-classes of this type of active mechanism are the "inch-worm' ' (25, 136) and "rolling" models (28) (see below). A second type of active mechanism is a "torsional" model in which the helicase does not interact with duplex DNA, but binds simultaneously to both of the single strands at the ss/ds-DNA junction and unwinds by distorting the adjacent duplex region through an NTP-induced conformational change (6) .
An active, inch-worm mechanism was proposed on the basis of studies of E. coli Rep and Helicase Ill (136) . This mechanism requires that the functional helicase possess two non-identical DNA binding sites that bind with polarity to ss DNA; the leading site (H) which will interact with the duplex to be unwound can bind both duplex and ss DNA, whereas the tail site (T) need bind only ss DNA. In the inch-worm model, the same site on the protein (H-site) always interacts with the duplex DNA during successive unwinding cycles. The inchworm model was proposed for Repcatalyzed DNA unwinding (136) before it was recognized that Rep forms a homo-dimer upon binding DNA.
E. coli Rep Helicase
The best studied DNA helicase, with regard to its mechanism of DNA unwinding, is the homo-dimeric E. coli Rep helicase (6, 28, 29, 57, 59, 60, 115, 116, 143) . Wong & Lohman (28) have proposed an "active, rolling" mechanism for DNA unwinding and translocation by the Rep dimer, shown schematically in Figure 5 . This mechanism is based on the observations that DNA binding induces the Rep monomer to dimerize, that a chemically cross-linked dimer is functionally active (57) , and that nucleotides influence allosterically the ss and ds DNA binding affinities and thus the five different DNA ligation states of the Rep dimer (28,59) . This mechanism requires at least two identical Annual Reviews www.annualreviews.org/aronline DNA binding sites, both of which must be able to bind ss DNA as well as ds DNA as is observed for Rep (28,59), and could apply to any homo-oligomeric helicase with these properties. The model assumes that the Rep dimer possesses C2 symmetry and incorporates the observation that each subunit of the Rep dimer binds ss DNA with defined polarity with respect to its sugar-phosphate backbone (M Amaratunga & T Lohman, unpublished observations). In the case of Rep, a non-base paired 5' single strand is neither necessary nor does it facilitate DNA unwinding in vitro (60); therefore only intermediates in which Rep is bound to the 3'-ss DNA are functionally relevant for DNA unwinding.
In an active, rolling mechanism, at least one subunit of the Rep dimer is always bound to the 3'-ss DNA at the fork, while the other subunit can be bound either to the same single strand or to the duplex region ahead of the fork. However, each subunit of the dimer alternates binding to ss DNA and ds DNA, as controlled allosterically by ATP and ADP binding. Thus, the active, rolling model differs from an inch-worm model, which also requires two DNA binding sites, but one binding site always binds ss DNA while the other always binds ds DNA (136). In this model, translocation of the Rep dimer (steps I to 111) is coupled to ATP binding and occurs by a rolling mechanism, whereas DNA unwinding (steps 111 to IV) is coupled to ATP hydrolysis. Furthermore, since the functional Rep dimer always remains bound to the 3'-ss DNA through at least one subunit, this mechanism provides a simple means for maintaining highly processive unwinding. The model also predicts that translocation and unwinding occur with a step size that is comparable to the site size of the protein (-14-16 nt) (57, 59) (rather than one nucleotide at a time) and consequently that multiple bp are unwound per catalytic event (i.e. an unwinding step size, n > 1).
Although this prediction appears to be in conflict with estimates that 1-3 ATP molecules are hydrolyzed per bp unwound (136, 174, 175) , it can be explained if coupling of ATP hydrolysis to DNA unwinding is less than 100% efficient. Such lower efficiency could result from a rolling mechanism because Rep dimers do hydrolyze ATP efficiently when bound as a P2S complex (intermediate 11); hence uncoupled ATP hydrolysis could occur at this stage of the cycle.
One important aspect of the rolling model is that Rep dimer translocation along ss DNA alone is predicted to occur without directional bias owing to the fact that the ss DNA regions on either side of a bound Rep dimer are equivalent. In a rolling model for a dimeric helicase, biased directional movement is predicted to occur only during duplex DNA unwinding owing to the presence of a duplex region on one side of the helicase which breaks the symmetry on either side of the helicase (6, 28, 29) . One observation that argues strongly that Rep does not unwind DNA by simply binding to ss DNA and translocating unidirectionally in a 3'-to-5' direction is the fact that Rep can unwind an 18 bp duplex DNA possessing only a 5'-(dv2,, flanking region (60).
The kinetics of Rep-catalyzed DNA unwinding have been studied using both rapid quench-flow (60) and stopped-flow fluorescence (143) approaches. Oligodeoxynucleotide substrates were used that possessed duplex regions of either 18 or 24 bp along with 3'-and/or 5'-(dT)20 ss DNA tails. Under single turnover conditions ([Rep] >> [DNA] ), the kinetics of unwinding are observed to be biphasic, the first phase representing rapid unwinding of pre-formed Rep-DNA complexes and the second reflecting slower unwinding that is limited by the rate of dimerization of the Rep protein on the DNA substrate (60, 143). However, for substrates possessing a 24 bp duplex, only those with a 3' flankir~g-(dT)~~ tail display the rapid phase of unwinding reflecting Rep's requirement for a 3'-ss DNA flanking region; a 5'-(dT)2, tail neither supports nor facilitates unwinding, even in the presence of a 3'-ss DNA tail (60). An Annual Reviews www.annualreviews.org/aronline apparent unwinding rate of 1.5 s-l (23+_3 bp s-') was measured for the unwinding of both an 18 bp and a 24 bp duplex possessing a 3'-(dDz0 tail (25" C, 20 mM Tris, pH 7.5, 1.7 mM Mg2+, 10% glycerol) (143). The rate of DNA unwinding at 25" C [-1.5 s-I (143)] is comparable to the k,,, for ATP hydrolysis by P2D but much slower than the ATPase rate for PzS (190 s-] per dimer).
However, the apparent K,,, for ATP during unwinding (30 pM at 25°C) is comparable to that observed with P2S under the same conditions (-20 pM) . This finding suggests that while binding (and possibly hydrolysis) of ATP in both subunits of a P2SD complex (see Figures 2 and 5 ) is required for unwinding, the kinetics of unwinding may be limited by the rate of ATP hydrolysis by the Rep subunit bound to the duplex.
Rep's ability to unwind DNA by a passive mechanism has also been tested. In these experiments, a series of novel, nonnatural duplex DNA substrates (18 or 24 bp) possessing 3' flanking-ss DNA within which was embedded either a segment of ss DNA (four or five nucleotides) in which the backbone polarity was reversed or a non-DNA (poly-ethylene glycol) spacer as shown in Figure  4 . Either of these segments should block unwinding by a 3'-to-5' helicase that functions by simply translocating unidirectionally along ss DNA in the 3'-to-5' direction and unwinding the duplex using a passive mechanism. The E. coli Rep helicase effectively unwinds these DNA substrates, ruling out a strictly passive mechanism of unwinding. However, the results are consistent with an active, rolling mechanism during which a P2SD intermediate can form in such a way that Rep binds to ss and duplex DNA simultaneously, forming a looped region as in Figure 4B , which can bypass the "block" (60). These studies provide support for the active, rolling mechanism proposed for the dimeric Rep helicase (28).
In principle, any oligomeric helicase, displaying either 3'-to-5' or 5'-to-3' polarity, could operate by a rolling mechanism as long as the helicase possesses at least two DNA binding sites that can alternate binding of ss and ds DNA. A modification of the rolling model has also been proposed for the RecBCD helicase to account for the interaction of the enzyme with both DNA strands (120). That model assumes that the active form of RecBCD is a hexamer [(BCD)2], an assumption for which there is some experimental support (177).
E. coli UvrD (Helicase ZZ)
The oligomerization and DNA binding properties of E. coli UvrD protein (Helicase 11) have not been examined in as much detail as they have for the Rep helicase. However, UvrD can form at least a dimer, and dimerization increases its specific steady-state ATPase activity (68, 69). Single turnover kinetics, similar to those performed with the Rep helicase (60, 143), have been used to examine the mechanism of UvrD-catalyzed unwinding of short duplex DNA possessing 3'-and/or 5'-(dT)N tails (J Ali & T Lohman, unpublished experiments). Upon addition of ATP to pre-formed UvrD-DNA complexes, unwinding of a duplex DNA possessing a 3'-ss DNA tail occurs in a rapid phase reflecting unwinding by productive UvrD-DNA complexes. As with Rep helicase, a 5'-ss DNA tail is not sufficient for unwinding, and it does not enhance the rate of unwinding of duplex DNA that possesses a 3'-ss DNA tail. UvrD is also able to unwind "reverse polarity" DNA substrates similar to those used with Rep (60) (see Figure 4) , indicating that UvrD does not unwind DNA by a strictly passive mechanism (J Ali & T Lohman, unpublished observations). These results support a mechanism in which the functional form of UvrD is an oligomer and a model in which unwinding occurs by an active, rolling mechanism similar to that proposed for the Rep dimer (28, 60).
Hexameric DNA Helicases
The gross structural similarities among the ring-like hexameric forms of SV40 T antigen, RuvB, T7 gene 4, T4 gene 41, DnaB, and Rho helicases, along with the evidence that DNA can bind through the center of some of these hexamers, has led to the suggestion that these hexamers may encircle the nucleic acid while functioning as helicases. Although such a binding mechanism would increase the processivity of the helicase by decreasing its rate of dissociation from the DNA, whether DNA is encircled by the hexamers as they are actively unwinding DNA is not known. Furthermore, no consensus has yet emerged on whether all of these hexamers encircle DNA or even on which form of DNA is encircled. For example, although the RuvB (54) and large T antigen (74) hexamers can encircle duplex DNA, the "7 gene 4A' hexamer appears able to encircle only ss DNA (56) . In contrast, ss RNA appears to interact with all subunits and wrap around the perimeter of the Rho hexamer (62). An alternative possibility is that during DNA unwinding, the DNA is encircled by the helicase, while the unwound ss DNA (or RNA) also wraps around the hexamer. However, even if hexameric helicases do encircle the DNA during helicase activity, how the helicase unwinds DNA or translocates remains unexplained.
Due to the lack of quantitative information about stoichiometries, energetics, and kinetics of both DNA binding and DNA unwinding, detailed mechanisms have not been proposed for the hexameric DNA helicases. However, the following features may be common to such mechanisms. First, the hexameric "ring" helicases possess multiple nucleotide binding sites (84, 122, 123) and, in principle, multiple DNA binding sites. Second, there is evidence that DNA (ss and/or ds) can pass through the center of some of these hexamers (at least under some circumstances). Based on these features and the assumption that some of the mechanistic conclusions drawn from studies of the Rep dimer helicase can be applied to the hexamers, an active, rolling mechanism similar to that suggested for Rep (28) can be proposed. In a 3'-to-5' hexameric helicase, one subunit (A) of the hexamer could interact with the 3' ss DNA, while a second subunit (B) could bind simultaneously to the ds DNA to form the equivalent of the P2SD complex as proposed for the Rep dimer (28). ATP hydrolysis (or ATP binding) could be coupled to unwinding of the duplex resulting in a P2S2 complex with the 3'-ss DNA tail bound to both subunits A and B. ADP release and subsequent ATP binding would then result in release of ss DNA from subunit A and concomitant binding of a third subunit (C) to the duplex DNA to reform a P2SD complex. Therefore, each dimer within the hexamer functions as a helicase in much the same manner as proposed for the Rep dimer. The main difference is that for the Rep dimer, the same subunit that dissociates from ss DNA then binds to the duplex, whereas for a hexameric helicase, a third subunit (C) binds the duplex after subunit A dissociates from the ss DNA.
Another possibility is that one strand of the DNA is encircled by the hexamer, increasing the processivity of unwinding by inhibiting dissociation of the hexamer, but that the unwinding activity occurs through separate interactions with the complementary single strand and the duplex. Although speculative, this model incorporates most of the observations that have been made for hexameric DNA helicases as well as some features of the Rep dimer. Such a model may also explain why initiation of unwinding by many hexameric helicases, including DnaB (139), T7 gene 4 (138), and T4 gene 41 ( l a ) , appears to be facilitated by DNA possessing a forked DNA substrate, i.e. DNA possessing both a flanking 3'-and a 5'-ss DNA tail. On the other hand, the SV40 large T antigen appears not to require a S-ss DNA tail to unwind DNA efficiently (142). If any helicase uses such a mechanism or any other wherein it interacts with both single strands during unwinding, then the directionality of unwinding is ambiguous. Such a mechanism also precludes an unambiguous determination of whether the helicase functions on either the leading or lagging strand.
E. coli Rho Protein
Although E. coli Rho protein is not a DNA helicase, we discuss this protein because it unwinds duplex RNA and RNA-DNA hybrids (19), it appears to function as a hexamer, and its physical properties have been examined in detail, along with its interaction with ss RNA and nucleotides. Furthermore, von Hippel and colleagues (62) have proposed a detailed "rolling" mechanism to explain how a hexameric helicase might utilize ATP binding and hydrolysis to translocate with biased directionality along ss RNA in the 5'-to-3' direction, although evidence for uni-directional translocation is lacking. However, since Annual Reviews www.annualreviews.org/aronline Annu. Rev. Biochem. 1996.65:169-214 Rho is only required to unwind short stretches of RNMDNA duplexes, its helicase mechanism may differ from those of DNA helicases that function in replication with high processivity.
The Rho hexamer is arranged as a trimer of asymmetric dimers with D3 symmetry, and ss RNA appears able to interact with all six subunits and thus "wrap" around the hexamer. Geiselmann et al (62) have proposed a model in which the functional unit of the hexamer is the "dimer" that undergoes conformational transitions driven by ATP binding and hydrolysis. In this model ATP hydrolysis drives release of the 5'-ss RNA from one dimer, followed by binding of the 3' ss RNA to the same dimer to yield 5'-to-3' translocation. This cycle is then repeated for the next "dimer". This type of rolling model is similar in some respects to the rolling mechanism of translocation along ss DNA proposed for the E. coli Rep dimer (28). However, the Rep dimer would translocate without directional bias along ss DNA (6, 29, 60). In principle, a helicase needs at least three nucleic acid binding sites (trimeric) in order to translocate with biased directionality by the mechanism proposed by Geiselmann et a1 (62), and this may provide one explanation for why some helicases are hexameric. In this model, RNA does not go through the center of the hexameric ring, although such a feature could easily be accommodated if the RNA binding sites were on the inside of the hexamer. Although Geiselmann et a1 (62) propose this model only to explain a biased (5' to 3') directional translocation of Rho along ss RNA, they argue that the helicase activity of Rho could result if Rho binds to a segment of ss RNA that becomes transiently exposed owing to thermal fluctuations in the duplex (a passive mechanism in our nomenclature).
SUMMARY
An understanding of how ATP binding and hydrolysis are coupled to DNA unwinding and helicase translocation at the molecular level requires quantitative studies of the energetics and kinetics of binding of DNA and nucleotides (and their hydrolysis) in addition to structural information. In particular, transient kinetic studies are needed to examine the intermediate helicase-DNAnucleotide complexes that are functionally important for DNA unwinding. Such mechanistic studies of DNA helicases are still at an early stage, and current information is insufficient to define the detailed mechanism of DNA unwinding for any one DNA helicase. Based on current information it seems unlikely that all helicases function by the same mechanism. In fact, whether helicases involved in replication use different mechanisms than repair or recombinational helicases and what mechanistic aspects are shared between dimeric and hexameric helicases remains to be seen.
Even though detailed studies of several helicases will be needed to determine which mechanistic aspects are general, several features appear to be common to the few helicases that have been examined. First, they are all oligomeric, which results in the potential for multiple nucleotide and DNA binding sites on the functional helicase. Both nucleotide and DNA binding also display a functional negative cooperativity. Some helicases also bind duplex DNA as well as ss DNA suggesting that these may function by active mechanisms. Evidence is also sufficient to suggest that rolling mechanisms are likely to be involved in helicase translocation and DNA unwinding, although not all subunits of the helicase need to contact the DNA simultaneously. Although the elementary steps of DNA unwinding are still to be mapped out, the most challenging problem remains: that of deciphering the energetic communications that are central to the energy transduction process. Answers to these questions are also being pursued with the classical motor proteins, such as myosin, kinesin (178-180), and dynein (181) . The ability to begin to address these questions with DNA motor proteins using well defined and more easily manipulatable DNA substrates should greatly facilitate progress in this exciting area.
